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Nomenclature

Symbols

A area

C', pressure rise coefficient

c.V axial rotor chord length

k thermal conductivity

L axial gap spacing

MrI relative Mach number

th mass flow rate

nblades number of rotor blades

p pressure

pA stagnation pressure

R ideal gas constant

r radius

i;W vorticity-weighted radius

s entropy

T temperature

T, stagnation temperature

TR stagnation temperature ratio

t time

U mean axial velocity

u velocity or axial velocity component

v tangential velocity component

W blade pitch

x axial direction

y tangential or pitch-wise direction

cc Flow angle

(5* displacement thickness

0b shock angle

F circulation



ii

y ratio of specific heats

q adiabatic efficiency

2 trailing edge blockage

0 momentum thickness

0* energy thickness

p density

r,Y stress tensor

r time period

rotor rotational speed

Wo vorticity

Subscripts

E free stream condition

ref reference conditions

I blade-row inlet

2 blade-row exit

2D two-dimensional geometry

0 Tangential component



1.0 Summary

1.1 Introduction and Obiectives

This document constitutes the final report on a research program on "Performance
Limiting Flow Processes In High-Stage Loading High-Mach Number Compressors"

The objectives of the research program are:

(1) to determine the impact, on efficiency and peak pressure rise potential, of flow
processes in high-stage loading, high Mach number (HLHM) compressor stages.

(2) to quantify the conditions at which the above processes of entropy and flow
blockage generation lead to a marked increase in sensitivity to geometrical and
operational changes.

Two specific flow processes are of interest for the flow regimes encountered in HLHM
compressor stages. One is the interaction between shear layers from one blade row and
the shock systems from a downstream blade row. The second is the enhanced influence
of unsteadiness, from adjacent blade rows on leakage flow at rotor or stator end gaps.
Thus the phenomena which need to be examined are not only local to a given blade row
(and can thus be viewed in a steady manner) but also depend on the coupling between
blade rows in an inherently unsteady manner. It is also suggested that for the flow
regimes unique to HLHM compressors the effects associated with these flow processes
interact strongly enough that they cannot be superposed

1.2 Research Abstracts

In high-stage loading high-Mach number compressors, counter-rotating pairs of discrete
vortices are shed at the trailing edge of the upstream blade row at a frequency
corresponding to the downstream rotor blade passing frequency. This is a consequence of
an alternating change in blade loading caused by the passage of shocks or compression
waves emanating from the downstream rotor. While this effect is present at any Mach
number the combination of high loading and high Mach number mean that the
attenuation of the rotor pressure field with upstream distance is much less than at either
lower loading or subsonic Mach numbers, i.e., the upstream extent of rotor influence is a
generic feature for HLHM compressors. Computations and physical arguments have
shown that the pitchwise location at which these discrete vortices enter the rotor passage
has a substantial impact on the rotor performance, for example work input and entropy
(loss) generation. The features of the effect have been characterized by a reduced
frequency parameter defined as the ratio of convective time for the vortex to travel from
trailing edge of the upstream blade-row to the leading edge of downstream rotor to vortex
shedding time (rotor blade passing time). Thus a change in inter-blade-row spacing, rotor
wheel speed, through-flow velocity in the intra-stator/vane-rotor gap, rotor pitch, and
shock angle would result in rotor performance change. The flow in a two-dimensional
diffuser subjected to a wake and jet is used to provide a physical context explaining the
response of the rotor performance to the discrete wakes. This provides a more direct
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avenue for establishing the scaling of rotor performance change, appropriately non-
dimensionalized, in terms of the reduced frequency, Mach number, and characteristics of
discrete vortices (i.e. its strength and size).

2. 0 New Findings And Accomplishments

The new findings and accomplishments are delineated in the following:

" A general framework and computational methodology is developed for quantifying
local entropy generation in transonic compressors, even in regions with high spatial
gradients, such as shock waves.

* In HLHM a new mechanism, involving the generation of a pair of counter-rotating
vortices at upstream stator blade trailing by downstream rotor compression wave
system and their interaction, has been identified and quantified for its impact on
performance.

* The impact of vortex trajectory within the rotor passage on rotor efficiency, pressure
rise and work input is determined. A non-dimensional parameter, the reduced
frequency parameter, to characterize the trajectory of the vortices is defined. The
reduced frequency is the ratio between the convective time scale for the vortices to
travel the length of the axial gap between the vane and rotor blade rows, and the rotor
period.

* The time-average response of the rotor performance to the discrete wakes can be
usefully explained in terms of the flow in a two-dimensional diffuser subjected to a
wake and jet.

* A scaling for the time-average response of the rotor performance in terms of the
reduced frequency, Mach number, and characteristics of discrete vortices (i.e. its
strength and size) is established.

" A flow model is developed for estimating the change in rotor performance with intra-
blade row spacing for HLHM compressor stage.

Besides the scientific findings and accomplishments delineated above, the research has
fostered a successful collaboration between the Compressor Aerodynamics Research
Laboratory of Air Force Research Laboratory and the MIT Gas Turbine Laboratory. The
collaboration consisted of: (i) regular semi-weekly teleconference which includes sharing
of ideas and interpretation of computed results as well as useful suggestions on the
research; (ii) AFRL providing computational resources and experimental information;
and (iii) a member of the CARL research team serving on the Doctoral Thesis Committee
of the doctoral student.
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3.0 Technical Background

A strong incentive exists to reduce airfoil count in aircraft engine core compressors. One
driver for this is the desire for affordability (the first A in the Air Force acronym VAATE
- Versatile, Affordable, and Advanced Turbine Engine). A basic constraint on blade
reduction is seen from the Euler turbine equation, which shows that, although a design
can be carried out in different ways to obtain increased stagnation enthalpy rise, and
hence pressure ratio, with fewer blades or fewer blade rows, one must increase blade
loading and/or wheel speed. For the largest impact both loading and wheel speed must
increase, with the consequence that the regime of operation consists of highly loaded
blades at transonic Mach numbers. In this regime, however, substantial difficulties have
been encountered in obtaining efficient performance at design, let alone the additional
constraints of doing this with compressed development time.

A further dimension to the problem is that it is essential to not only obtain appropriate
design point efficiency but also to retain this efficiency in response to geometric and
operational variability. Put another way, the machine should have a gradual fall-off in
performance with changes from the nominal geometry (from wear as well as from
manufacturing variability), rather than a sharp drop-off. This is difficult to achieve at
conditions of high loading and high Mach number. Addressing the fluid dynamic
difficulties of these highly loaded, high Mach number' (HLHM) compressor stages is a
key aspect described in this report.

The above is a very broad statement and we need to state with more precision what is
meant. At one level, some of the key technical issues in designing blading for such stages
may be viewed as well known. For example textbooks on compressors (Cumpsty, 1989)
show narrowing of the incidence range for low loss operation as the Mach number
increases. The sensitivity of the flow conditions in a channel-to-channel area ratio when
the Mach number is near unity is also understood. These are severe constraints which
characterize the regime of interest.

To put this in another way, from basically one-dimensional (or meanline) descriptions,
one can see high sensitivity to deviations from design intent for multistage HLHM
compressors. What one cannot see from such descriptions, and what is not well-defined
in quantitative (and in some cases, qualitative) terms, are the different effects which arise
from blade row coupling (i.e., blade row interaction) and which can become of import in
this flow regime. The research results presented and discussed would thus center on
defining: (i) what specific features of blade row coupling are important for HLHM
compressors, (ii) what is their quantitative importance, and (iii) what are the basic
dynamic scalings that capture this importance.

Figure 3.1, which categorizes compressor design in terms of Mach number versus design
point stage loading provides a venue for discussion. Four categories of compressor stages

' By high Mach number stage we mean core compressor stages that operate at conditions with the flow
supersonic over most of the span in a flow regime in which the properties of the passage flow are sensitive
to small changes in inlet or exit conditions.
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are shown, from low-loading, low-speed (type 1) to HLHM (type 4). Categories 2 and 3
are notional, and we thus contrast types I and 4 in terms of blade row coupling and
effects on performance. For compressors in flow regimes represented by type 1 (and
presumably to a large extent for types 2 and 3) the effects that have to do with multiple
blade rows have been addressed and quantified. For example, Smith (1993) states that
"multistage turbomachines have increased performance when the axial gaps between
blade rows are reduced", presents a mechanism for a major part of this increase

(4)
(2) Low Design

Confidence;
Difficult to execute

Z

(1) (3)
High

Confidence

Design point loading

Figure 3.1: Notional classes of compressor design in Mach Number vs design point loading space.

(reversible work transfer to a wake as it passes through a succeeding blade row and
consequent decrease in mixing losses) and quantifies the effect with a simple model.
Computations on this point (Valkov and Tan, 1999) show agreement with this idea. The
effect of tip leakage flow on succeeding stages has also been quantified for this regime
(Valkov and Tan, 1999; Sirakov and Tan, 2003). For such stages, therefore, the effects
have not only been addressed to a large extent, but their effect on machine performance
has been estimated.

The observation, however, is that this situation is not true for compressors in flow
regimes of type 4. The difficulties that the technical community has experienced in
implementing designs in this regime is one indication. A further indication may be seen
in the data in Figure 3.2 (Hetherington and Moritz, 1977), which shows performance from
a multistage compressor at two speeds. The data are for two different blade spacings. At
the lower speed there is a slight increase in efficiency and pressure rise at the smaller
blade spacing in agreement with the computational simulations referred to above and
with other low speed experimental results (Smith, 1970; Mikolajczack, 1977). At the
higher speed shown, however, there is a decrease in performance with the smaller
spacing, i.e., a qualitatively different behavior. Further the magnitude of the change is
much larger than at the lower speed.

One plausible reason for the qualitative change is simply that there are new effects that
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occur at high speed. An example 2 is unsteady interaction of shock systems with shear
layers (e.g. shocks propagating upstream from a rotor which affect the behavior of shear
layers both within and downstream of the stator row). This mechanism has been shown to
result in the thickening of the shear layers, increase in flow blockage (analogous to
boundary layer displacement thickness), and consequent additional entropy generation
and lowering of efficiency (Gorrell and Okiishi, 2003; Gorrell et al., 2003).

90

85
; m

8000 ICESDAXIAL GAP "

- --a.---- NORMAL AXIAL SPACING

0 3.5 --- 4 NOTE:-
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Figure 3.2: The effect of axial spacing on the performance of a 4-stage high pressure
compressor (Hetherington and Moritz, 1977).

There is another, and different, cause that can be suggested, however. This is the
interaction of several phenomena, which are understood in isolation but whose combined
effect can give rise to qualitatively different behavior at high Mach numbers and loading.
At Mach numbers near unity, the influence of even small changes in flow area (A/A*)
and stagnation pressure is marked 3; small changes in blockage or loss affect not only a
particular blade row but can also cascade through a core compressor to alter the stage
matching in a major way. Put another way, in the flow regimes of interest, apparently
small changes in either flow blockage and/or loss can have a major influence on the mass
flow capacity, the stage matching, and thus the performance of such machines. As such,
the understanding, empiricism, and guidelines which apply well to machines of lower
Mach number and loading may not apply to HLHM compressors.

The category of unsteady aerodynamic effects is of this type. In terms of performance
their time mean impact enters as a quadratic non-linearity through terms such as (uu')

2 This is only one example and not necessarily the root cause of the difference in Figure 2.
' For example, at a Mach number of 0.9, a change in area of less than 1% causes the flow to choke.
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where u' is a typical velocity variation and the overbar denotes a time average. Even for
large velocity variation magnitudes (10%), the time average effects will be only of order
1 %. The stiff behavior of transonic flow, however, means there is leverage to create
much larger variations in Mach number and flow angle. Further, the pressure
fluctuations imposed on an upstream row (by a downstream row) are enhanced as the
Mach number rises or the blade loading increases; not only the ability to alter the flow,
but also the forcing that is applied, increases.

The research presented in this document is aimed at resolving aspects of unsteady
phenomena that impact, in a substantive manner, the performance of high stage loading,
high Mach number (HLHM) compressors. This document is organized as follows. We
first described the overall approach and framework taken for addressing the scientific
issues; here we will also present results from work by Gorrell et al. (2003) to demonstrate
the adequacy of the tools used and of the AFRL research compressor as the HLHM
compressor. Computed results on the selected HLHM compressor are presented to
illustrate how a new physical mechanism (that involves unsteady interactions between
blade-rows in HLHM compressor) is discovered. The thought process and the steps taken
to quantify the impact of the newly discovered mechanism on rotor performance are next
described; these entails designing and implementing additional computational
experiments so that the causal link between rotor performance change and the physical
mechanism can be established on a rigorous basis. A steady flow model that captures the
time-average impact of the new physical mechanism is developed followed by using it to
establish the basic fluid dynamic scalings that characterize the effects of coupling
between blade rows. Finally we state the main conclusions and implications of the
research.

4. 0 Research Questions and Technical Approach

The specific research questions that were addressed are:
I. What flow changes are due to unsteady interactions between shock waves and

shear layers (viscous layer on solid surfaces, wakes)?
2. How are these changes connected to: (i) peak efficiency and (ii) peak pressure rise

of HLHM compressors (i.e. what is the impact of high loading and high Mach
number on efficiency potential and why, in the sense of what mechanism is
responsible, does this occur)?

3. What are the basic fluid dynamic scalings that characterize the effects of coupling
between blade rows?

4. What levels of model are needed to appropriately capture these effects on the
performance HLHM compressors?

The approach taken consists of assessing physical information at three different levels:
i) Detailed unsteady flow processes within the blade rows,
ii) Consistent assessment of the time-mean footprint of these processes, and
iii) Impact on overall stage characteristics (efficiency and peak pressure rise
capability).
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There are many different length and time scales in turbomachines, with a corresponding
spectrum of unsteady processes. Assessing information at these three different levels
enables us to determine which of these are important, and to define explicit causal links
between flow details and overall metrics - this in essence is a key aspect of the overall
framework of approach.

The unsteady three-dimensional flow at the rotor-stator blade passage level includes
details of flow processes such as unsteady interactions of shear layers (wakes and viscous
layers) with shocks, and unsteady fluctuation in the leakage flow in response to flow
unsteadiness from adjacent blade rows. Of interest here are local regions of entropy
production, as well as regions in which the flow changes are such as to cause additional
entropy increase downstream. At this first level the fluid mechanic processes are most
visible but their effect is not.

The second level is thus assessing the time-mean footprint of the unsteady processes.
While the time-average flow can be computed from the unsteady three-dimensional flow
via time-averaging over several cycles of blade-passing time periods, to determine the
time-average impact of the unsteady interactions we need to define an analogous steady
flow to which the time-average flow can be compared4 . One can think of this
comparison, posed in a consistent manner, as asking the question "How would the flow
be different if the unsteadiness were absent?"

The third level of information is essentially the overall blade row performance quantities
such as efficiency and flow blockage (a measure of the degradation in the pressure rise
capability of the blade passage). Efficiency can be directly linked to the entropy
production (or the potential entropy production, for example in non-uniformities that are
not yet mixed out). Procedures for extracting normalized flow blockage across a blade
passage have been developed and used in the work reported by Khalid et al. (1999) on tip
clearance flow, Shum et al. (2000) on centrifugal impeller-diffuser interaction, Sirakov
and Tan (2003) on unsteady wake and tip clearance blade effects on stator performance,
and by Shabbir and Adamczyk (2004) for casing treatment operation. Comparison of the
normalized blockage and entropy increase extracted from the time-average flow to that
from the equivalent steady flow enables direct identification of the impact of specific
flow processes. In sum, the progression through these different levels provides a means
of (and a traceability for) identifying the flow features that set the achievable stage
efficiency and pressure ratio.

Numerical calculations have been implemented to: (i) answer the above research
questions; (ii) determine the entropy generating mechanisms responsible for the change

4 There is no unique way of defining an "equivalent" average steady flow from an unsteady flow field (or
an equivalent one-dimensional average from a spatially non-uniform flow). There are five conservation
principles (mass, three momentum, and energy) so that the averaging process necessarily means that some
variables will not be captured. For example, if each variable of interest is time-averaged separately, the
resulting averaged steady flow field is inconsistent; the average stagnation pressure from the unsteady
solution is different than the stagnation pressure calculated from the averaged Mach number and static
pressure. There are, however, approaches which retain the features that are most relevant (Greitzer et al.,
2004].
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in compressor performance with axial blade-rows spacing. The numerical calculations
consist of sets of three-dimensional and two-dimensional unsteady simulations of flow in
a HLHM compressor stage described in Gorrell et a/.(2003, 2005).

The computational fluid dynamics (CFD) code used for the numerical simulations is
described in Section (4.1) and the HLHM compressor configuration in Section (4.2).

4.1 Numerical Tool

Numerical simulations were conducted using MSU Turbo Version 4.1 [Chen el al.
(2001 )], an unsteady, three-dimensional, viscous code that solves the Reynolds Averaged
Navier-Stokes (RANS) equations. The equations are solved in the reference frame of
each blade row. The code employs a finite volume solver, with a k-e turbulence model.
Communication between blade rows in their respective reference frames occurs across a
sliding plane that interpolates information from one blade row to the other.

To reduce computer time and memory required to perform the numerical experiments,
temporal phase lag boundary conditions were used [Erdos et al. (1997), Chen et al.(1 994,
1998), Wang et al.(2004)]. Temporal phase lag boundary conditions rely on the
assumption that the flow field associated with two interacting blade rows has a temporal
periodicity related to the blade count of the blade rows. More specifically, the flow field
within the blade passage will repeat itself every time the relative position of the adjacent
blade row is the same. The phase lag approximation permits the replacement of a full
wheel or spatially periodic computation by a single blade passage within each blade row.
The compressor stage used (see Section (4.2)) has 24 stator and 33 rotor blades. If
periodic boundary conditions were used, a sector with 8 stator blades and 11 rotor blades
would be required, implying much more computational time and computer memory than
simulations with the temporal phase lag approximation. Using the phase lag
approximation, a full wheel can be constructed at any instant in time using the computed
flow field of the individual passage from previous instants in time. Details of the full
wheel reconstruction are given by Wang and Chen (2004).

An assumption associated with the use of phase lag boundary conditions is that the lowest
frequency of any important unsteady phenomenon is the blade-passing frequency of the
adjacent blade row. For example, vortex shedding, rotating stall, or flow separation that
is at a lower frequency than the blade passing frequency would not be captured. Use of
the phase lag boundary condition is an appropriate approximation for unsteady blade row
interactions where the frequency of unsteadiness in one blade row is dominated by the
adjacent blade row passing frequency. The results from phase lag computations and
experiment have been compared in the work by Gorrell et al.(2005), and the phase lag
approximation captured the flow features that arise from the blade row interactions,
including the vortex shedding from the inlet guide vanes due to the impingement of the
rotor shock on the vane.

Uniform stagnation pressure and temperature are specified at the inlet of the
computational domain. For three-dimensional simulations, at the exit of the
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computational domain, the static pressure at the hub is specified, and simple radial
equilibrium is used to specify the radial distribution of static pressure. For the two-
dimensional simulations, the static pressure is specified at the exit. The convergence
criteria was that the time-averaged mass flow rate at the vane row inlet and at the exit of
the domain were within 0. 1% of each other, and that the efficiency and mass flow were
periodic with blade passing frequency.

MSU Turbo solves the flow field using primitive variables at cell centers. The MSU
Turbo output data is therefore chosen to be the values at the cell center. Visualization of
the output was accomplished with the post processing codes developed at the MIT Gas
Turbine Laboratory by Villanueva (2006).

4.1.1 Time Discretization and Time-Averagin.

The number of time steps for each blade period was chosen based on the desired temporal
resolution of the blade row interactions. The frequency of unsteadiness within one blade
row is determined by the blade passing frequency of the adjacent blade row, and
resolving twenty harmonics of the blade passing frequency should well capture the flow
features deriving from unsteady blade row interactions, including vortex shedding.
According to Nyquist's theorem, a harmonic must be sampled at least twice per cycle in
order to be resolved, so 40 samples were taken for one blade-passing period. In the
vane/rotor configuration studied here, the rotor blade passing frequency in the vane
reference frame is higher than the vane blade passing frequency in the rotor reference
frame. The vane blade row simulation employed a time increment equal to 1/4 0 h of the
rotor blade passing period, so the vane blade row is resolved in 40 time steps and the
rotor blade row is resolved in 55 time steps (based on the vane to rotor blade ratio of
8:11).

Within the MSU Turbo code, specifying a small number of time steps requires more
iteration at each time step to reach convergence; more time steps means less iteration.
The number of time steps chosen was based on experience gained in the simulations
conducted by Gorrell (2006), and is given in Table 4.1. By choosing a larger number of
time steps, the solution of the flow field captures more harmonics than required,
achieving greater accuracy.

Instead of time-averaging over one blade period using the computed results at every time
instant (based on the number of time steps per period in Table 4.1), the unsteady flow
field signature is captured up to the twentieth harmonic of the blade passing frequency.
The vane blade row is time-averaged over 40 time instants and the rotor over 55 time
instants, both at increments of four time steps apart. In the two-dimensional
computations, the vane to rotor blade ratio is simplified to 2:3 (as will be discussed in
Section 6.2), and the rotor is averaged over a total of 60 time instants.
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4.2 HLHM Compressor Stage: AFRL Stae Matchipz Investigation Compressor

The HLHM compressor stage geometry is based on that used in the AFRL (Air Force
Research Laboratory) 'Stage Matching Investigation' (SMI) rig shown in Figure 4.1; it is
designed to study changes in performance with variations in axial blade row spacing for a
highly-loaded, high Mach number compressor. The rig consisted of three blade rows: a
wake generator or inlet guide vanes (IGV), a rotor and a stator. It was also run as a vane
and rotor-only combination [Gorrell et al. (2003, 2005)]. The latter configuration is
studied for two axial blade row spacings, denoted as "close" and "far", and given in
Table 4.2.

Table 4.1: Number of time steps per period used in MSU Turbo Code.
Blade row 3D Simulations 2D Simulations

Vane 220 240
Rotor 160 160

Wake Generator Rotor Stator

.. / U

Far Mid Raes
CloseRa e

Figure 4.JP Stage matching investigation (SMI)rig layout (Gorrell et al., 2003).

Table 4.2: Axial blade row spacing L for close and far configurations, normalized by the
axial rotor chord length cx.

Spacing L/c, (mean) L/c, (hub) L/c, (tip)
Close 0.22 0.13 0.27

Far 0.86 0.80 0.95

The straight vane blades are designed to emulate the typical loss profile from a front
stage stator in a high speed axial compressor. Details of the vane design are given by
Chriss et al. (1999). The aerodynamic design parameters for the rotor are given in Table
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4.3. The rotor tip clearance is 0.6% of the chord. The ratio between the number of vanes
and rotor blades is 8:11.

Table 4.3: SMIAerodynamic Design Parameters [Gorrell et al. (2003)].
Parameter Rotor

Number of blades 33
Aspect Ratio (average) 0.961
Inlet Hub/Tip Ratio 0.750
Tip speed, corrected m/s 341.37
RPM 13509.0
Mrei LE Mr, Hub 0.963
Mrei LE Tip 1.191
LE Tip Dia., m 0.4825

The grid was created using the Average Passage Grid (APG) generator of Beach (2003).
Gorrell et al. (2003) have determined that the grid provides sufficient resolution to
capture the vortex shedding by comparing the numerical results to DPIV measurements
[Gorrell et al. (2005)], and their grid was used for the calculations described here. The
number of grid points for both the vane and rotor are given in Table 4.4. Additional
details of the grid are provided by Turner et al. (2005).

Table 4.4. Number of grid points in axial, radial and pitch-wise directions for the three-
dimensional calculations.

Blade row Axial Radial Pitch-wise
Vane close 138 71 61
Vane far 71 61

Rotor 189 71 81

As was noted in Section (3.0), Gorrell et al. (2003) examined the effect of blade row
spacing on performance for an axial vane row/rotor configuration. Specifically
experiments were performed using SMI rig for three different inter-blade row axial
spacings, having a mean (hub-to-tip) value of 13%, 26%, and 55% of the vane chord
[Gorrell et al. (2003)]. The experimental measurements in Figure 4.2 show that the
pressure ratio and efficiency are consistently lower for the close spacing than for the far
spacing. The pressure ratio and efficiency were based on measurements at the inlet and
at an exit plane 0.9 axial rotor chords downstream of the rotor trailing edge. Gorrell et al.
(2003) inferred from the SMI rig measurements that choking mass flow rate, pressure
ratio and efficiency all decreased as axial spacing was reduced [Gorrell et al. (2003)].

Unsteady CFD simulations (using MSU Turbo [Chen et al. (2001)]), conducted for the
closest and farthest spacings of the SMI rig, enabled identification of a loss generating
mechanism within the vane row passage [Gorrell et al. (2003)]. Oblique shock waves
that originate from the rotor intersect the upstream vane row as they sweep past, giving
rise to shock waves that propagate upstream along the vane surface, as shown in Figure
4.3. In the closer blade row spacing, the shock wave becomes perpendicular to the flow
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direction and forms a normal shock, giving a higher entropy increase than for an oblique
shock (Figure 4.3a). For the farther blade row spacing, the rotor shock is a weak
compression wave at the vane trailing edge, and there is no normal shock in the upstream
vane passage (Figure 4.3b)
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Figure 4.2: Vane/rotor-only performance from experiment, 100% speed [Gorrell
(2001)]. Both pressure ratio and efficiency decrease as blade-row spacing is reduced
from 0. 86 ("far') to 0. 22 ("close ") axial rotor chord length.
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Figure 4.3: Comparison of wave configurations between the (a) closest and (b) farthest
blade row spacing used in the SMI rig.


